Introduction
Streptococcus anginosus, a member of the Streptococcus milleri group, is an emerging pathogen in patients with cystic fibrosis (CF) and is frequently found to be a cause of acute exacerbations. [1] [2] [3] In young CF patients, Staphylococcus aureus is the most commonly isolated pathogen, 4 whereas in adults Pseudomonas aeruginosa is most frequently recovered; 5 both species are co-isolated from approximately half of the adult patients. 6 S. anginosus is often coisolated from CF sputum with S. aureus and P. aeruginosa, 3, 7 but not much is known about how they influence each other's susceptibility to antimicrobial treatments. In the presence of P. aeruginosa, biofilm formation of Streptococcus constellatus (another member of the S. milleri group) was increased after treatment with tobramycin. 8 P. aeruginosa was shown to protect S. aureus from the antibiotic action of aminoglycosides, 9, 10 but under certain conditions it can also inhibit the growth of S. aureus. 11, 12 It was previously observed there were lower reductions in S. anginosus cell numbers by cell wall-acting antibiotics (amoxicillin ! sulbactam, imipenem and vancomycin) in a multispecies biofilm with S. aureus and P. aeruginosa than in a monospecies biofilm; this effect was not observed with other bactericidal antibiotics (tobramycin and ciprofloxacin). 13 In contrast, these antibiotics were more active against S. aureus cells when cultured in the presence of S. anginosus and P. aeruginosa. 13 The goal of this study is to elucidate the mechanisms responsible for the previously observed decreased activity of vancomycin against S. anginosus in a multispecies biofilm. 13 To this end, gene expression analysis was performed for S. anginosus growing either as a single-species biofilm or a multispecies biofilm together with S. aureus and P. aeruginosa, without the addition of antibiotics. Subsequently, the cell wall thickness of S. anginosus and S. aureus was determined in vancomycin-treated and untreated single-species and multispecies biofilms. 
Materials and methods

Bacterial strains
S. anginosus LMG 14502, P. aeruginosa DK2 and S. aureus LMG 10147 were cultured overnight aerobically at 37 C in brain heart infusion (BHI; Oxoid, Basingstoke, UK) broth.
Biofilm formation
Biofilm formation was assessed as described previously. 13 Briefly, inoculum suspensions containing 5 % 10 6 cfu/mL of S. anginosus, 10 6 cfu/mL of S. aureus or a combination of 5%10 6 cfu/mL of S. anginosus, 10 6 cfu/mL of P. aeruginosa and 10 6 cfu/mL of S. aureus were prepared in biofilm medium [BHI supplemented with 5% (w/v) BSA, 0.5% (w/v) mucin type II and 0.3% (w/v) agar]. Ninety-six-well microtitre plates (TTP, Trasadingen, Switzerland) were filled with the inoculum suspensions. After 4 h of adhesion at 37 C, the supernatant was discarded and 100 lL of fresh biofilm medium was added. Bacteria were incubated for an additional 20 h to form a mature biofilm.
Antibiotic treatment
After 24 h of incubation, biofilm supernatant was removed and 200 lL of a 512 mg/L vancomycin (Sigma-Aldrich, Diegem, Belgium) solution in biofilm medium was added before incubating for another 24 h.
WGS of S. anginosus LMG 14502
A pure culture of S. anginosus LMG 14502 on BHI agar was incubated anaerobically (,1% O 2 , in AnaeroGen Compact sachets, Oxoid, Thermo Fisher Scientific) for 24 h at 37 C. DNA was extracted as described by Pitcher et al.
14 Lysis was increased by adding lysozyme (24 mg/mL) (SigmaAldrich) and DNA was treated for 1 h at 37 C in TE buffer with 25 mg/L RNase A (QIAGEN Benelux, Antwerp, Belgium). A library was prepared using an adapted protocol of the NEBNext kit (New England Biolabs, Ipswich, USA). Samples were sequenced on the Illumina HiSeq 4000 platform (150 bp paired-end reads) (according to the manufacturer's instructions), yielding 750 Mb of data (Oxford Genomics Centre, University of Oxford, UK). Demultiplexed raw reads were imported into CLC Genomics Workbench 8.5.1 (QIAGEN Benelux, Antwerp, Belgium). De novo assembly with CLC Genomics Workbench generated 492 contigs. After initial quality control, only contigs with an average coverage of .500 and a consensus length .5000 nt were retained, resulting in a draft genome consisting of 1 859 791 bp in 11 contigs. The RAST server was used to annotate the consensus genome sequence. 15 The sequencing raw data were deposited in the NCBI Sequence Read Archive (accession number SRP096309).
RNA sequencing and data analysis
Gene expression was quantified in single-species biofilms of S. anginosus LMG 14502 or in multispecies biofilms of S. anginosus together with S. aureus LMG 10147 and P. aeruginosa DK2, without the addition of antibiotics. For each condition, three independent samples were obtained. After harvesting the biofilm cells by vortexing (5 min) and sonicating (5 min, 50-60 Hz; Branson 3510, Branson Ultrasonics Corp, Danbury, CT, USA), 16 RNA was extracted immediately using the Ambion RiboPure Bacteria Kit (Life Technologies, Merelbeke, Belgium) according to the manufacturer's instructions. rRNA (in 2 lg of total RNA) was depleted using the Ribo-Zero Magnetic Kit for bacteria (Epicentre, Illumina). The TruSeq Stranded RNA Library Prep Kit (Illumina) was then used to create strand-specific libraries. Quality control of the libraries (DNA 1000 chip, Agilent Technologies, Santa Clara, USA) was performed and their concentration was determined according to recommendations provided by Illumina. The libraries were equimolarly pooled and sequenced using an Illumina NextSeq 500 (according to the manufacturer's instructions), generating 75 bp unpaired reads. FASTQ files were deposited at ArrayExpress under the accession number E-MTAB-5426.
Using CLC Genomics Workbench, an initial quality control was performed and quality-filtered reads of the monospecies and multispecies biofilm samples were mapped (length fraction 0.6 and similarity fraction 0.9) against the genomes and contigs of all three species simultaneously. For S. aureus LMG 10147, contigs from WGS project number LHUS01 were used. 17 For P. aeruginosa DK2, the NCBI reference sequence with accession number NC_018080 was used. 18 Reads mapping to S. anginosus were then extracted using the splitChromosome option of the bamUtil repository (https://github.com/statgen/bamUtil) and counted. On average, 6% of reads derived from mixed-species biofilms (on average 3 453 004 reads) mapped to S. anginosus. Six percent of the reads derived from S. anginosus monospecies biofilms were then randomly sampled using CLC Genomics Workbench to match the number of reads mapping to S. anginosus derived from mixed-species biofilms (Table S1 , available as Supplementary data at JAC Online). Reads from all six samples were then mapped to contigs of all three species and only reads mapping to S. anginosus were used for downstream analysis. RNA sequencing data were normalized on total counts and statistical analysis was performed using Empirical Analysis of DGE (EDGE) of the CLC genomics workbench software. The number of reads assigned to a transcript were divided by the transcript length and normalized to the number of mapped reads to obtain reads per kb per million (RPKM) expression values. Only genes that were significantly differentially regulated (false discovery rate-corrected P value ,0.05) and with at least a 2-fold change compared with the monospecies biofilm were considered.
Electron microscopy
Monospecies biofilms of S. anginosus and S. aureus, and multispecies biofilms of S. anginosus, S. aureus and P. aeruginosa, were cultured and treated with vancomycin as described above. Biofilm cells were washed with 0.9% (w/v) NaCl, detached from the surface by vortexing (5 min) and sonicating (5 min, settings as above) and collected by centrifugation. Next, biofilm cells were either subjected to chemical fixation or to high-pressure freezing.
For chemical fixation, biofilm cells were fixed in 4% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.2 and centrifuged at 1500 rpm. Low-melting-point agarose was used to keep the cells concentrated for further processing. Cells were fixed for 4 h at room temperature and then overnight at 4 C after replacing the fixative with a fresh solution. After washing in buffer, cells were post-fixed in 1% OsO 4 with 1.5% K 3 Fe(CN) 6 in 0.1 M sodium cacodylate buffer at room temperature for 1 h. After washing, cells were dehydrated through a graded ethanol series (7%, 15%, 30%, 50%, 70%, 95% and 100% ethanol), including bulk staining with 1% uranyl acetate at the 50% ethanol step. Dehydration was followed by embedding in Spurr's resin. The polymerization was performed at 70 C for 16 h. For high-pressure freezing, biofilm cells were brought in a 3 % 0.5 mm specimen carrier and cryo-immobilized under high pressure in liquid N 2 (Leica EM ICE; Leica Microsystems, Vienna, Austria). Freeze substitution was carried out using a Leica EM AFS (Leica Microsystems) in dried acetone (,0.0075% H 2 O) containing 1% double-distilled H 2 O, 1% OsO 4 and 0.5% glutaraldehyde over a 4 day period as follows: #90 C for 24 h, 2 C per hour increase for 15 h, #60
C for 24 h, 2 C per hour increase for 15 h and #30 C for 24 h. At #30 C, the carriers were rinsed three times with acetone for 20 min each time. Samples were warmed up slowly to 0-4 C and infiltrated stepwise over 3 days at 0-4 C with Spurr's resin and embedded in capsules. The polymerization was performed at 70 C for 16 h. Next, for both chemical fixation and high-pressure freezing, ultrathin sections (70 nm) with a gold interference colour were cut using an ultramicrotome (Leica EM UC6), followed by post-staining in a Leica EM AC20 for 40 min in uranyl acetate at 20 C and for 10 min in lead stain at 20 C. Sections were collected on Formvar-coated copper slot grids. Grids were Tavernier et al.
viewed with a JEM-1400(Plus) transmission electron microscope (JEOL, Tokyo, Japan) operating at 80 kV.
The thickness of the cell wall (including fimbriae) was measured in each condition, after chemical fixation (n " 38 for S. anginosus, n " 10 for S. aureus monospecies biofilms and n " 23 for the multispecies biofilms), at nearly equatorially cut surfaces using ImageJ software (http://imagej.nih. gov/ij/). To improve the accuracy, only cells that were cut in the middle and that had approximately the same size were included in the analysis. Statistical data analysis was performed using SPSS software, version 24 (SPSS, Chicago, Illinois, USA). The normal distribution of the data was verified using the Shapiro-Wilk test. Non-normally distributed data were analysed using a Mann-Whitney test. Differences with a P value ,0.05 were considered significant.
Results and discussion
S. anginosus genes involved in cell wall synthesis are up-regulated when cultured in a multispecies biofilm RNA sequencing was used to elucidate the molecular mechanisms responsible for the reduced susceptibility of S. anginosus towards vancomycin when cultured in a mixed community. The transcriptome of S. anginosus cultured in an untreated monospecies biofilm was compared with that of the same S. anginosus strain cultured in an untreated multispecies biofilm. Two hundred and eighty-four S. anginosus genes (15.4%) were significantly up-regulated and 103 genes (5.5%) were significantly down-regulated (P , 0.05, fold change 2) in the multispecies biofilm (Table S2) .
Thirty-six genes involved in cell envelope biogenesis, including cell wall synthesis and recycling, as well as capsule biosynthesis, were up-regulated in untreated multispecies biofilms compared with untreated monospecies biofilms, making this the functional category with the largest number of up-regulated S. anginosus genes ( Table 1, Table S2 and Figure S1 ). Only three genes of this category were down-regulated, encoding surface proteins. Furthermore, genes involved in cell division were also up-regulated (Table 1 and Table S2 ); these are potentially linked to cell wall synthesis and recycling.
Interestingly, previous studies showed that genes of these categories in S. aureus are also differentially expressed after treatment with cell wall-active antibiotics. [19] [20] [21] For example, S. anginosus cell wall muropeptide synthesis genes murM, murN and murE were up-regulated, as is observed in S. aureus upon vancomycin exposure. 19 S. anginosus genes involved in synthesis of peptidoglycan components, such as dapA and dapB, as well as the transpeptidase sortase A, were up-regulated in the untreated multispecies biofilm, similar to S. aureus treated with vancomycin 19, 21 or daptomycin. 21 However, when Streptococcus mutans 22 and Streptococcus pneumoniae 23 were exposed to vancomycin, genes of these categories were not affected.
The molecular mechanisms of vancomycin tolerance have been investigated in S. pneumoniae. In this bacterium, increased tolerance has been associated with deficiency in S. pneumoniaespecific autolysin LytA and with the simultaneous presence of an activated two-component system (TCS) CiaRH and of a capsule. 24 However, the data obtained in the present study strongly suggest that the decreased susceptibility towards the cell wall-acting antibiotic vancomycin, observed in S. anginosus in a multispecies biofilm, is due to remodelling of the cell wall and potentially increased capsule formation. Two S. anginosus autolysins were up-regulated, indicating that suppression of the autolytic system is not necessary for vancomycin tolerance in this bacterium. Other gene expression changes potentially linked to vancomycin tolerance were not found.
S. anginosus gene expression indicates altered metabolism in a biofilm when co-cultured with P. aeruginosa and S. aureus
The functional categories with the largest number of downregulated genes were carbohydrate transport and metabolism as well as energy production and conversion ( Figure S1 and Table S2 ). Most down-regulated genes are involved in the arginine deaminase pathway, pyruvate dehydrogenase complex, lactate and pyruvate oxidase and various phosphotransferase systems for carbohydrate uptake. Similar gene expression changes have been observed for S. anginosus co-cultured in a biofilm with Candida albicans 25 and probably reflect changes in available substrates in the multispecies biofilm.
Recent studies on the transcriptomic response of streptococci showed that genes involved in cell wall biogenesis and cell division were not affected by changes in medium composition and substrate availability. [26] [27] [28] [29] [30] Only S. pneumoniae growing in contact with epithelial cells responded with an up-regulation of genes belonging to these categories 31 and in this experimental setup the medium composition was not changed. It is therefore likely that some triggers other than nutritional cues are responsible for the up-regulation of genes involved in cell wall synthesis and remodelling in S. anginosus growing in multispecies biofilms.
Genes encoding proteins involved in protection against oxidative damage such as AhpC, AhpF and thioredoxins were downregulated in S. anginosus growing in multispecies biofilms (Table S2 ). This suggests that S. anginosus is exposed to less oxidative stress, probably caused by reduced H 2 O 2 production from metabolic processes such as lactate and pyruvate oxidation. Genes coding for chaperones such as GroES and GroEL were also down-regulated, indicating that S. anginosus is not exposed to increased stress in a multispecies biofilm.
Growth of S. anginosus in a multispecies biofilm influences expression of signal transduction systems and sigma factors
TCSs are involved in vancomycin resistance in S. aureus and also in streptococci. In S. aureus, the TCS VraSR positively regulates expression of cell wall synthesis genes, 32 activation of VraSR increases cell wall thickness and vancomycin resistance, 33 and VraSR is up-regulated upon exposure to vancomycin. [19] [20] [21] In S. mutans the VicKR TCS plays a role in regulating cell wall and cell envelope biogenesis genes. 34 In S. pneumoniae, the CiaRH TCS, but not VicKR, is up-regulated upon exposure to vancomycin. 23 In the present study, vicKR was up-regulated .8-fold in S. anginosus growing in multispecies biofilms (Table 1) , whereas ciaRH did not change expression. VicKR could therefore be involved in regulating the expression of genes involved in cell wall synthesis and remodelling, and be associated with increased vancomycin tolerance in S. anginosus growing in multispecies biofilms. VicKR of S. pneumoniae is possibly induced by low oxygen concentrations; 35 however, what induces VicKR in
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S. anginosus under the conditions encountered in a multispecies biofilm is unknown. The competence-specific sigma factor ComX and late competence genes of the ComG operon are up-regulated in S. anginosus growing in multispecies biofilms (Table S2) . Competence in streptococci is not only determined by cell density, but also by environmental cues such as stress signals, oligopeptide content of the medium and the presence of peptide alarmones. 27, 36 This can explain why competence genes in multispecies biofilms are upregulated, despite the lower number of S. anginosus cells. 13 The ComX regulon of streptococci is not known to include cell wall biogenesis and cell division genes 37, 38 and VicKR is not known to be co-regulated with ComX. Up-regulation of competence genes in S. anginosus growing in a multispecies biofilm is therefore probably not directly linked to induction of cell wall synthesis and VicKR gene expression.
Transmission electron microscopy confirms increased cell wall thickness of S. anginosus when cultured in an untreated multispecies biofilm
Results from transcriptome analysis show that growth in a multispecies biofilm with P. aeruginosa and S. aureus induces the expression of S. anginosus genes involved in cell wall biosynthesis and recycling. S. anginosus is less susceptible to vancomycin when cultured in a multispecies biofilm; 13 however, it is not yet known whether this is due to changes in cell wall morphology. The gene expression changes point in that direction and, to confirm this, transmission electron microscopy (TEM) was used to measure the cell wall thickness of S. anginosus (and S. aureus) cultured in monospecies and multispecies biofilms, in the presence or absence of vancomycin.
TEM images of cells from a monospecies S. aureus or S. anginosus biofilm allowed differentiation of S. aureus and S. anginosus based on appearance, after both chemical fixation and high-pressure freezing (Figures 1 and 2, respectively) . S. aureus cells can be recognized as clearly contoured cells, with short fimbriae, whereas S. anginosus cells show a less-defined cell contour and are surrounded by larger fimbriae.
Cells from a monospecies S. anginosus biofilm treated with vancomycin ( Figure 3 ) show no significant difference in the thickness of the cell wall/fimbriae layer compared with untreated cells. This observation is in agreement with previous literature in which S. anginosus cells did not respond to vancomycin treatment with cell wall thickening; likewise, genes involved in cell wall biogenesis and remodelling are not induced by vancomycin exposure. 22, 23 However, S. anginosus cells cultured together with S. aureus and P. aeruginosa in a multispecies biofilm have a significantly thicker cell wall (including the layer of fimbriae surrounding the cell wall) than cells from a monospecies biofilm (Figures 3 and 4) . The average increase in cell wall/fimbriae layer thickness is 8.01+3.09 nm Vancomycin susceptibility of S. anginosus in multispecies biofilm JAC (P , 0.05). Treatment with vancomycin had no impact on cell wall/ fimbriae layer thickness of S. anginosus in multispecies biofilms (Figures 3 and 4) . The same trend was observed after high-pressure freezing, indicating that the method of fixation had no impact on the results.
Fimbriae are likely to contribute to the increased cell wall thickness in S. anginosus. The observed up-regulation of peptidecleaving carboxypeptidases and glycan-cleaving lytic transglycosylases, described as playing a role in creating space within the peptidoglycan polymer to accommodate structures such as fimbriae, 39, 40 can indicate increased fimbriae formation. Similarly, the up-regulated transpeptidase sortase A, known to play a role in cell-wall anchoring of surface proteins such as fimbriae in Gram-positive bacteria, 41 can be involved. Tavernier et al.
Since it was previously observed that S. aureus became more susceptible to vancomycin in a multispecies biofilm with S. anginosus and P. aeruginosa, cell wall thickness of untreated and treated S. aureus was compared in monospecies and multispecies biofilms. S. aureus cell wall thickness was the same in monospecies and multispecies biofilms (Figure 4) . Treatment with vancomycin significantly increased the cell wall thickness of S. aureus monospecies biofilms (Figure 4 ), in agreement with literature. 19, 42, 43 However, exposure of S. aureus to vancomycin when cultured in a multispecies biofilm did not lead to significantly increased cell wall thickness (Figure 4) .
These results are in line with the increased susceptibility of S. aureus towards cell wall-active antibiotics (including vancomycin) when cultured in a multispecies biofilm. 13 As increased cell wall thickness is described as a common feature of reduced vancomycin susceptibility in S. aureus, 19, 42, 43 the observed lack of cell wall thickening could be the reason behind the increased activity of vancomycin against S. aureus in a multispecies biofilm. 13 
Conclusions
In conclusion, our data demonstrate that growth in multispecies biofilms can have an impact on the expression of genes related to cell wall synthesis and as a consequence, on the cell wall thickness of a particular bacterial species. While the exact triggers for this differential gene expression and differences in cell wall thickness are unknown, it is clear this may have implications for the efficacy of antibiotic treatments.
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